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Abstract
A secluded U(1)S gauge field, kinetically mixed with Standard Model hypercharge, pro-
vides a ‘portal’ mediating interactions with a hidden sector at the renormalizable level, as
recently exploited in the context of WIMP dark matter. The U(1)S symmetry-breaking
scale may naturally be suppressed relative to the weak scale, and so this sector is efficiently
probed by medium energy e+e− colliders. We study the collider signatures of the minimal
U(1)S model, focusing on the reach of B-factory experiments such as BaBar and BELLE.
In particular, we show that Higgs-strahlung in the secluded sector can lead to multi-lepton
signatures which probe the natural range for the kinetic mixing angle κ ∼ 10−2 − 10−3 over
a large portion of the kinematically accessible parameter space.
March 2009
1. Introduction
The Standard Model (SM) allows relatively few interactions with new physics at the level of
relevant or marginal operators. These ‘portals’ - comprising specific couplings to the Higgs
sector, to right-handed neutrinos, and kinetic mixing with U(1) hypercharge - are thus of
considerable interest from a general phenomenological perspective as the channels where
new physics, and a hidden sector for example, may be probed with maximal sensitivity.
Of these, it is clear that the latter portal, kinetic mixing of a new U(1)S gauge field with
hypercharge U(1)Y , κF
S
µνF
Y
µν [1], stands out in terms of current detection capabilities since
it implies a renormalizable coupling with the photon and the Z, whose properties are of
course extremely well-measured. This presence of a secluded U(1)S sector, under which the
SM degrees of freedom are uncharged, also admits a natural hypothesis about the scale of
the interaction and the mass of the U(1)S vector that we will denote as V . In particular,
κ ∼ 10−4 − 10−2, and mV ∼ κ × (weak scale) are the relations that would naturally arise
from radiative generation of kinetic mixing, and an associated radiative transfer of symmetry
breaking from the SM to U(1)S.
This idea has received a great deal of attention in recent months in the context of mod-
els of dark matter [2], with the Weakly Interacting Massive Particle (WIMP) dark mat-
ter candidate belonging to the secluded U(1)S sector. In particular, the secluded regime
with mV < mWIMP can lead to dramatically different phenomenology as compared to the
standard WIMP scenario, in terms of both direct and indirect detection [3]. Perhaps the
most intriguing aspect of these theories is that a relatively modest hierarchy of scales,
mV ∼ O(GeV) ≪ mWIMP naturally leads to an enhanced WIMP annihilation cross sec-
tion in the galaxy [4, 5] and to the enhancement and/or dominance of the leptonic branching
fraction in the annihilation products [6]. Thus models of this type can naturally accommo-
date the recent observations of excess cosmic ray positrons by PAMELA [7] and the total
electron and positron flux by ATIC [8], should these anomalies ultimately be related to
WIMP dark matter.
Through the kinetic mixing portal, a secluded U(1)S sector at or below the GeV-scale will
leave its imprints on low-energy phenomenology. Recently, Ref. [9] examined the constraints
arising from precision QED tests as well as radiative decays of strange particles. These
constraints are fairly model-independent, relying only on the mass of the U(1)S vector and
its admixture with the photon. However, the constraints deteriorate rather quickly for mV
above a few hundred MeV. Moreover, the main constraint coming from the measurement of
the anomalous magnetic moment of the muon is difficult to implement, given the current
discrepancy with SM predictions (see e.g. [10]). On the other hand, because the new U(1)S
vectors couple only to vector currents, dedicated collider probes of the U(1)S sector are also
a powerful tool and can potentially provide sensitivity in substantial regions of the (κ,mV )
parameter plane.
In this paper, we will investigate the signatures of a minimal secluded U(1)S extension
of the SM at medium energy e+e− colliders. This minimal model assumes the existence of
an elementary Higgs′ boson, which spontaneously breaks the U(1)S symmetry, but many
features of the model will be replicated in more intricate realizations of the secluded gauge
and Higgs′ sectors. Since the Higgs′ sector is necessarily charged under U(1)S the direct
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production cross-section scales as O(κ2). Medium energy e+e− colliders with √s ∼ few
GeV and high luminosity are clearly an ideal tool to detect new particles with masses in the
GeV range, as production cross sections fall as 1/s. In particular, the B-factories BaBar
and BELLE are well positioned to probe a secluded sector because of their large data sets,
with each having an integrated luminosity of order ∼ 500 fb−1. The phenomenology will
depend quite sensitively on assumptions about the particle content in the hidden sector,
but as the natural first step we will assume that any extra hidden-sector particles (e.g. the
WIMP candidate) are heavier than the minimal set comprising the U(1)S gauge boson and
the Higgs′, which we assume to have O(GeV) masses. The decay channels for these particles
will thus have SM degrees of freedom in the final state. Because of the limited number of
these channels, and suppression from the small kinetic mixing angle, the vector and Higgs′
are generally quite narrow. As a consequence, s-channel resonant production of vectors is
extremely unlikely, leading us to consider two-particle production channels.
We will focus on the Higgs′-strahlung process which is particularly interesting for a num-
ber of reasons. It is one of the few production processes with an amplitude suppressed
by just a single power of the kinetic mixing angle and can therefore readily occur for
κ ∼ O(10−2−10−3). In many ways this production mechanism parallels conventional Higgs-
strahlung in the SM. Although the vector will in general have a substantial branching to
lepton pairs, the decays of the Higgs′ will depend on its mass relative to that of the vector.
If the Higgs′ is heavy it will decay to two vectors, eventually leading to a six lepton final
state. On the other hand, if the Higgs′ is light it will decay via loop processes to leptons
and possibly hadrons, in which case it is long-lived and will most-likely appear as missing
energy.
The collider phenomenology of additional light hidden U(1)′ bosons has been considered
previously in the context of MeV-scale dark matter models [11, 12, 13], where it was assumed
that both dark matter (DM) and the SM are charged under U(1)′, and there is a strong
hierarchy of couplings, g′SM ≪ g′DM . Such models are qualitatively different from the one
we consider here, as in Refs. [11, 12, 13] all mediators have a much larger invisible decay
width to DM than to the SM. Signatures of these models at B-factories, relevant to the
scenario considered here, were studied in [14], though not the Higgs′-strahlung process. The
hadron collider phenomenology of a non-minimal dark sector coupled through kinetic mixing
was first surveyed in [15], and has been elaborated on recently in [16]. We will make some
comments on the sensitivity of hadron colliders to the minimal scenario below. For other
recent work on U(1)′ scenarios covering different parameter regimes and phenomenology, see
[17, 18, 19, 20].
The organization of this paper is as follows. In Sec. 2 we present the minimal secluded
U(1)S model with a single complex scalar serving as the Higgs
′. We also provide details
of the relevant decay channels and rates. We consider the B-factory collider signals in
Sec. 3, focusing on the Higgs′-strahlung process. An overview of the backgrounds is given
for different kinematical regions, and we present estimates of the optimal sensitivities that
B-factories could achieve in probing the U(1)S sector. We conclude in Sec. 4 with further
discussion of a number of other signatures and possible directions to explore.
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2. Secluded U(1)S and the Higgs
′ sector
We will consider the minimal implementation of a secluded U(1)S. We add to the SM a
U(1)S gauge boson Vµ and a single complex scalar Higgs
′ field φ responsible for spontaneous
symmetry breaking. We imagine that any additional particles, in particular a possible WIMP
dark matter candidate, are heavy compared to the vector and Higgs′. This new sector is
not charged under the SM and vice versa, and all interactions with the SM proceed through
kinetic mixing of U(1)S with the photon (we can neglect mixing with the Z boson for the
processes under consideration). The Lagrangian then takes the form,
L = −1
4
V 2µν −
κ
2
VµνF
µν + |Dµφ|2 − V (φ), (1)
where Fµν is the photon field strength, and the covariant derivative is Dµ = ∂µ + ie
′Vµ
with U(1)S charge e
′. The Higgs′ potential is assumed to be of a form which spontaneously
breaks the U(1)S symmetry. For example, neglecting mixing with the SM Higgs which will
be unimportant for low energy colliders, we can take V (φ) = −µ2|φ|2 + λ|φ|4, so that the
Higgs′ acquires a vev 〈φ〉 = v′/√2 with v′ = √µ2/λ. Expanding around this vacuum,
φ = (v′+ h′)/
√
2, the unitary-gauge Lagrangian containing the physical Higgs′ field h′ takes
the form,
L = −1
4
V 2µν +
1
2
m2V V
2
µ +
1
2
(∂µh
′)2 − 1
2
m2h′h
′2 + Lint, (2)
where mV = e
′v′ and mh′ =
√
2λv′. For completeness, the interaction terms are
Lint = −κ
2
VµνF
µν +
m2V
v′
h′V 2µ +
m2V
v′2
h′2V 2µ −
m2h′
2v′
h′3 − m
2
h′
8v′2
h′4, (3)
although it is primarily just the h′V V coupling that will be important in what follows. Note
that we can remove the kinetic mixing by redefining the photon Aµ → Aµ − κVµ, so that
the SM fermions pick up a small U(1)S charge ∼ κe. Alternatively we can treat the kinetic
mixing term as an interaction as long as κ is small.
2.1 Decays
In this section we will collect various expressions for the decay widths of Vµ and h
′. As stated
above, we assume that any other states coupled to Vµ and h
′ are heavy (e.g. dark matter),
so that all final states consist of SM particles. Many of the expressions given below can be
adapted from the existing literature on Z and Higgs boson phenomenology (see e.g. [21]).
2.1.1 ΓV
We begin with the decays of the vector Vµ. Through mixing with the photon, Vµ will decay
to SM leptons, with partial width
ΓV→ll =
1
3
ακ2mV
√
1− 4m
2
l
m2V
(
1 +
2m2l
m2V
)
. (4)
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Figure 1: Total width ΓV (GeV) and branching ratios for V : V → e+e− (dashed), V → µ+µ−
(dotted), and V → τ+τ− (dot-dashed), and V → hadrons (solid) for the choice of κ = 10−2
and α′ = α.
Also, for masses mV > 2mpi, Vµ will decay to hadrons. Since mV may overlap with hadronic
resonances, we will use the fact that the total decay width to hadrons can be directly related
to the cross section σe+e−→hadrons,
ΓV→hadrons =
1
3
ακ2mV
√
1− 4m
2
µ
m2V
(
1 +
2m2µ
m2V
)
R(s = m2V ), (5)
where as usual R = σe+e−→hadrons/σe+e−→µ+µ− . In the compilation of the hadronic cross
section, the lowest data point is at
√
s = 0.36 GeV [22, 23], well above the pion threshold.
Therefore in the intermediate range above the threshold we use the cross section for e+e− →
pi+pi− [23, 24].
We show in Fig. 1 the total V decay width and branching ratios for κ = 10−2. We see
that for most values ofmV , the vector will have a significant branching to leptons (unless mV
happens to coincide with a hadronic resonance). Note also that it is possible for the vector
to decay to neutrinos due to kinetic mixing with the Z-boson, but this will be suppressed
by a factor m4V /m
4
Z ∼ 10−8 for a GeV-scale vector and can safely be neglected.
2.1.2 Γh′
Next we consider the decays of the Higgs′. The decay characteristics of the h′ depend on
whether it is heavier or lighter than the vector. Let us first consider mh′ > 2mV , in which
case the h′ decays predominantly to a pair of real vectors, with partial width
Γh′→V V =
α′m3h′
8m2V
√
1− 4m
2
V
m2h′
(
1− 4m
2
V
m2h′
+
12m4V
m4h′
)
, (6)
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Figure 2: Total width Γh′ (GeV) and branching ratios for h
′ for the case mV = 2 GeV:
h′ → e+e− (dashed), h′ → µ+µ− (dotted), h′ → τ+τ− (dot-dashed), and h′ → V V (solid)
for the choice of κ = 10−2 and α′ = α. On the left panel, the vertical line delineates the
boundary separating two- and four-particle final states, while the grey band defines the mass
range where the decay distance varies from 1mm to 1m leading to displaced vertices in the
detector.
where α′ = e′2/4pi. For the case mh′ < mV , the Higgs
′ can decay to leptons and hadrons via
two off-shell vectors V ∗µ [25]:
Γh′→V ∗V ∗ =
1
pi2
∫ m2
h′
0
dq21 mV ΓV
(q21 −m2V ) +m2V Γ2V
∫ (m
h′
−q1)2
0
dq22 mV ΓV
(q22 −m2V ) +m2V Γ2V
Γ0, (7)
where
Γ0 =
α′m3h′
8m2V
√
λ
(
1,
q21
m2h′
,
q22
m2h′
)[
λ
(
1,
q21
m2h′
,
q22
m2h′
)
+
12q21q
2
2
m4h′
]
, (8)
with λ(A,B,C) = A2 + B2 + C2 − 2AB − 2AC − 2BC. In fact Eq. (7) can also be used
to calculate the the decay to one real and one virtual vector h′ → V V ∗ for the regime
mV < mh′ < 2mV as well as two real vectors (Eq. (6)) with the replacement of the Breit-
Wigner peak by a delta-function.
If the Higgs′ is light then loop induced decays become important. For example, the Higgs′
can decay into a pair of leptons through a triangle graph,
Γh′→ff =
α′α2κ4mh′
2pi2
m2f
m2V
(
1− 4m
2
f
m2h′
)3/2
|I(mh′, mV , mf )|2, (9)
where the form factor I is
I(mh′ , mV , mf) = m
2
V
∫ 1
0
dx
∫ 1−x
0
dy
2− (x+ y)
(x+ y)m2V + [1− (x+ y)]2m2f − xym2h′
.
(10)
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There are also loop-induced decays to hadrons for mh′ > 2mpi, which can compete with
the leptonic modes (9). We have made a simple estimate for when these effects become
important by calculating the decay h′ → pi+pi− using a Vector Meson Dominance model. We
find that the two-pion channel begins to dominate the dilepton channel (9) when mh′ & mρ.
However, as we discuss next, a detailed knowledge of hadronic decay mode properties will
not be critical because if h′ is light it is also long-lived and will manifest as missing energy
in the detector.
The decay properties of the Higgs′ depend rather sensitively on the mass of the vectormV .
As an example, we plot the total width and branching fractions for the Higgs′ in Fig. 2 for a
vector with mass mV = 2 GeV. Heavy Higgs
′ bosons will decay exclusively to vectors, which
is expected as this is the only direct decay mode, with no κ suppression. In turn these vectors
will decay to leptons or hadrons. However, light Higgs′ bosons with mh′ < mV will decay
primarily through a loop-induced process, with a rate proportional to κ4 × (loop factor)2.
Although this is quite small, it still generically overwhelms the suppression from four-body
phase space in the process h′ → V ∗V ∗ → 4l. Thus, when h′ is light, it is also extremely
narrow and long-lived as indicated in Fig. 2. As stated above, we have not taken into account
the loop induced decays to hadrons for mh′ > 2mpi, but we expect that the total width will
not increase by more than an O(1) factor and therefore will not qualitatively change our
results. The only exception to this is perhaps when mh′ ∼ mV and the decay length is of
the same order as the size of the detector, where a small increase in the width will allow h′
to decay inside the detector.
3. Collider signatures
With an understanding of the decay properties of Vµ and h
′, we move now to their production
at electron-positron colliders. The B-factories BaBar and BELLE, with their mid-range
center-of-mass energies
√
s ∼ 10 GeV and large integrated luminosities O(500fb−1), are
very well suited to probing the minimal model discussed in the previous section, as well as
extensions with other new particles at or below the GeV scale. However, because Vµ is quite
narrow, single particle resonant production of vectors will be extremely unlikely unless the
collider happens to be operating at
√
s ∼ mV . Furthermore, any anomalous contribution
to the cross section of a generic process from an off-shell Vµ will be suppressed by κ
4 in the
cross section. Therefore we will examine two-particle production mechanisms.
One possibility is pair annihilation, e+e− → V γ. This has the obvious advantage of
being largely independent of details of the Higgs′ sector. Indeed this process was considered
previously in Ref. [14], in relation to MeV-scale dark matter models [11, 12, 13], and it
was observed that the B-factories could detect vectors (U -bosons in their discussion) with
mixings κ ∼ 10−3 to the SM. This study considered vectors somewhat lighter (tens of MeV)
than those in which we are interested, but similar conclusions should apply for vectors in the
GeV range. The on-shell vector will decay to a pair of leptons, leading to a signal of l+l−γ.
The SM background, although large for this process, is not a severe issue as the kinematics
of the signal are quite distinct. The invariant mass of the lepton pair resides in a single
bin due to the tiny width of the vector and can straightforwardly be distinguished from the
background.
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Besides pair annihilation e+e− → V γ, another particularly promising production channel
is Higgs′-strahlung, e+e− → V h′, as it also is minimally suppressed by κ2. The total cross
section for this process is
σe+e−→V h′ =
piαα′κ2
3s
(
1− m
2
V
s
)
−2
√
λ
(
1,
m2h′
s
,
m2V
s
)[
λ
(
1,
m2h′
s
,
m2V
s
)
+
12m2V
s
]
≈ 20 fb×
(
α′
α
)(
κ2
10−4
)
(10 GeV)2
s
, (11)
where in the last line we have assumed the scaling regime, mh′ +mV <
√
s GeV, which is
appropriate for WIMP models with a GeV-scale mediator. We can see that the cross section
is quite sizable for reasonable values of the kinetic mixing parameter κ, with production of
up to ten thousand V h′ pairs given 500 fb−1 of data. Note that in our subsequent numerical
calculations we will use the full expression for the cross section to account for the possibility
of heavier vector and Higgs′ bosons. Note also that there is the chance of an s-channel
enhancement in the cross section if mV ∼
√
s.
Depending on the relative mass of V and h′, the Higgs′-strahlung process will generate
qualitatively distinct signals, as can be inferred from the branching fractions depicted in
Figs. 1 and 2. If h′ is heavy, mh′ > mV , the signal will consist of six leptons in the final
state. On the other hand, for mh′ < mV , the Higgs
′ will be long lived and escape the
detector, resulting in two leptons plus missing energy. As we will discuss next, although
the total SM background cross sections can be quite large, the signal is distinguished by the
kinematic properties of the final-state leptons as compared to the SM background, and we
expect this kinematic information will be sufficient to extract evidence of Higgs′-strahlung,
as it was for pair annihilation to V γ [14]. Moreover, we note that the Higgs′-strahlung
process e+e− → V h′ → 6l has (at least before applying any cuts) a significantly larger
signal-to-background than the V γ mode, e+e− → V γ → 2lγ, as the background is O(α6)
for the former, while it arises at O(α3) for the latter. However, we emphasize that we have
not performed a proper calculation of the SM background with cuts, as our primary aim in
this work is to emphasize the possibility of a large signal, which we hope will stimulate the
experimental collaborations to perform more detailed analyses.
3.1 Signal and background
There are two cases to consider: either the Higgs′ is heavier than the vector, or vice-versa.
These cases lead to different experimental signatures.
3.1.1 mh′ > mV
First, for the case mh′ >∼ mV the Higgs′ decays almost exclusively to two V ’s, as illustrated
in Fig. 2. Since the vectors have a sizable branching fraction to leptons, this will lead to a
signature of six leptons. For mh′ > 2mV three pairs of leptons will have an invariant mass
peaked very narrowly around the mass of the vector, ml+l− ≃ mV , reflecting an underlying
decay h′ → V V to on-shell vectors. For 2mV > mh′ > mV , the underlying decay is h′ → V V ∗
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and therefore two lepton pairs will have ml+l− ≃ mV . In addition the four leptons will have
a combined invariant mass of m2(l+l−) ≃ mh′ .
There are a few kinematic regimes to consider. For instance, if the vector is light, mV <
2mµ, it can only decay to an e
+e− pair, and thus every final state will consist of 3 e+e−
pairs. The QED background for this process can be estimated using the equivalent photon
approximation [26],
σe+e−→3(e+e−) ≈ α
6
pi3m2
(
log
s
m2
)4
(12)
≈ 109 fb, (13)
leading to a huge background. However, in most events these are peripheral collisions and the
two initial electrons will continue down the beam pipe, with θ . m/
√
s. The signal events by
contrast will have large transverse momentum, pT ∼ few GeV. Thus a small angle cut should
significantly reduce the background. Perhaps more importantly, the initial electron-positron
pair will have an invariant masses me+e− ∼
√
s, compared to signal pairs with invariant
masses mV . Thus a suitable invariant mass cut should allow the signal to be uncovered.
If mV > 2mµ, the vector can also decay to a µ
+µ− pair, leading to a significant number of
6µ final states. The QED background in this case should be negligible as it cannot proceed
via the two photon mechanism and the cross section will decrease as 1/s. There will be a
large number of fake events with 2e6µ arising from a two-photon process that can easily be
distinguished since the e+e− pair will be lost down the beam pipe leading to missing energy.
Therefore, if the kinematic relation is right and triple muon pairs can be produced via Higgs′-
strahlung, these events could be very efficiently used as a ‘discovery mode’ for U(1)S. Above
the pion threshold, the overall branching of V to leptons will of course decrease, but there
can still be a large number of multilepton events, especially for κ ∼ 10−2.
3.1.2 mh′ < mV
Next, if mh′ < mV , the Higgs
′ is extremely narrow, with Γh′ ∼ κ4 × (loop factor)2, and thus
very long-lived. For mV ≫ mh′ ≫ 2mf , the form factor (10) becomes I → 3/2 and the
lifetime of the h′ is
τh′ ∼ 6× 10−9 s×
(
α′
α
)( κ
10−2
)
−4 ( mh′
GeV
)( mV
2mf
)2
. (14)
Thus, h′ will be relativistic with a decay length on the order of ten meters or more, leading
to a signal of two leptons plus missing energy. A suitable invariant mass cut on the lepton
pair should be able to reduce the SM background significantly. In passing, we note that the
strong dependence of Γh′ on κ means that it cannot be too small, as τh′ can easily become
comparable to 1 second for κ <∼ 10−4. Such long lifetimes are excluded by 4He overproduction
during Big Bang Nucleosynthesis.
Although rather unlikely, in the range mh′ ∼ mV it may be possible for the Higgs′ to
decay in the detector to a µ+µ− pair with a displaced vertex. This would mean a four muon
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Figure 3: Sensitivity of the B-factory experiments for κ = 10−2 (left) and κ = 10−3 (right),
with α′ = α. The discovery modes are l+l− plus missing energy (light), 6e (medium), and
6µ (dark). In the region mh′ > 2mV (mh′ > mV ), above the dotted (dashed) line the signal
contains 3 (2) leptons pairs with invariant mass ml+l− ≃ mV .
signal of the underlying Higgs′-strahlung event. The QED background should be negligible
as again there is no two-photon mechanism at work.
Of course there could also be a e+e−µ+µ− final state, with a large background from QED:
σe+e−→e+e−µ+µ− ≈ α
4
pim2µ
(
log
s
m2
)2
log
s
m2µ
(15)
≈ 108 fb. (16)
As discussed previously, the electons in the two-photon process move primarily in the di-
rection of the beam pipe. Small angle and invariant mass cuts should help to reduce the
background. Moreover, the signal h′ decay events will have a significant displacement inside
the detector, making background rejection somewhat easier.
It is important to point out that the possibility of observing two or four lepton events
for the case mh′ . mV requires a more detailed analysis of the loop induced decays of h
′
to hadrons. These decays increase the total width and will cause h′ to decay more readily
within the detector but at the same time reduce the branching of h′ to leptons. If however the
travel distance of h′ exceeds the size of the detector, the existence of an additional hadronic
branching fraction will not affect the number of leptonic decays of h′ within the detector.
3.2 Results
Our main results are presented in Fig. 3, which shows the maximum sensitivity of the B-
factories to the Higgs′-strahlung channel, assuming 500 fb−1 of integrated luminosity. These
sensitivities assume a minimum of 10 signal events. We emphasize that the SM backgrounds
and various detector efficiencies were not taken into account in calculating these sensitivities,
so that Fig. 3 represents a “best-case” scenario with perfect efficiency and in which the
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SM background can be completely eliminated by appropriate cuts without affecting the
signal. Based on the discussion above, such cuts may indeed be possible, especially for the
multilepton signal when mh′ > mV .
Given these caveats, we find that BaBar and BELLE should have sufficient sensitivity to
probe nearly all of the kinematically accessible (mh′ , mV ) parameter space for κ ∼ 10−2. In
fact, over a large part of the parameter space the number of signal events is in the thousands.
For κ ∼ 10−3, the multilepton signal is useful for light vectors mV < 500 MeV, while the
dilepton plus missing energy signal can be utilized for a light h′. An additional gain in
experimental sensitivity could be achieved with the use of invariant mass information for
the signal events, as discussed in the previous section. Finally, since the total number of the
Higgs′-strahlung events scales as κ2×(integrated luminosity), the proposed super-B factories
could reach the level of sensitivity κ ∼ O(10−4).
4. Discussion
In summary, we have investigated the collider signatures of a secluded U(1)S sector at the
B-factories BaBar and BELLE, and find that these experiments should have an intrinsic
sensitivity to kinetic mixing angles of ∼ 10−3. We focused on the Higgs′-strahlung process,
which has the advantage of leading to novel and thus easily identifiable multi-lepton final
states. Similar sensitivities will apply for pair-annihilation to V γ as investigated in [14]. We
reiterate that our quoted sensitivities do not take into account SM backgrounds and cuts, as
well as other issues such as detector efficiency which will necessarily reduce the total number
of signal events. However, the number of signal events is at least of O(103) over most of the
relevant parameter space in Fig. 3 for the case α′ = α. Moreover, although tenuous at this
point, if present hints toward WIMP dark matter at around 1 TeV were to solidify, then this
would point to larger values for α′ than are considered here (see e.g. [5]), allowing for as
much as a five-fold increase in the number of the Higgs′-strahlung events at fixed κ. Based on
these considerations, a full experimental analysis appears well warranted particularly given
the degree of interest in secluded U(1)S models.
4.1 Further signatures of a secluded sector
We will finish by commenting on a number of other issues pertinent to searches for a U(1)S
sector.
• Leptons vs pions. Although we have concentrated on the leptonic signal of U(1)S as
perhaps the cleanest way of identifying Higgs′-strahlung events atB-factories, in certain
kinematic domains the dominant decay modes will contain multi-pion final states, e.g.
3pi−3pi+. Clearly, the pattern of invariant mass for multi-pions originating from V or
h′ decays will be exactly the same as for leptons. If such events are identified, and
both muon and pion final states allow a reconstruction from V or h′ of a specific mass,
the relative occurrence of lepton vs pion pairs will be regulated by R(s = m2V ). This is
essentially independent of κ and/or the structure of the Higgs′ sector, so that the pion
vs lepton yield can be used as an additional cross-check of candidate U(1)S events.
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• Lepton jets. We have only considered the minimal model of an abelian U(1)S with a
single complex scalar Higgs′ field. Already within this simple model it is quite common
to have multi-lepton final states due to the Higgs′ decay h′ → V V → 4l. These lepton
pairs will have an angular separation θ ∼ mh′/pT , and thus for a light Higgs′, mh′ <
GeV, may appear in a highly collimated “lepton jet” [15]. Note that this also requires
V to be light so that h′ decays predominantly to V V . Another plausible situation is
a heavy Higgs′ bosons, mh′ ∼ GeV > mV , in which case the lepton pairs will have a
larger separation.
• More complex secluded sectors and multi-lepton events. With more structure in the
secluded sector, such as a non-abelian gauge group or multiple Higgs′ fields, the signals
can be even more exotic. One rather generic prediction of additional light particles is
the presence of complicated cascade decays, leading to multiple leptons (and hadrons
if kinematically allowed). This has been appreciated in the “hidden valley” scenario
[27], and emphasized in [15] in the context of WIMP models with U(1)S mediators.
As a simple example, suppose there is an additional scalar S in the secluded sector,
perhaps arising from a more complex Higgs′ sector, that is heavier than h′. Production
of S may then produce complex decay patterns, e.g. S → 2h′ → 4V → 8l etc. Similar
phenomena may occur with additional gauge bosons from a non-abelian hidden sector
[15, 16]. It would of course be worthwhile to consider the collider signatures of more
complex secluded sectors at medium-energy e+e− colliders such as the B-factories.
• Higgs′-strahlung events at hadron colliders. The Higgs′-strahlung process may also be
of considerable interest for hadron collider signatures of secluded U(1)S sectors. The
advantage of the B-factories comes from the combination of an optimal center-of-mass
energy for a GeV-scale U(1)S with large integrated luminosities, as well as, of course,
much better control over the background. Hadron colliders such as the Tevatron and
the LHC have to make up for the production rate falling as 1/s and generally lower
luminosity. However, production processes such as qq → V h′, and those involving
gluons in the initial state, can take advantage of the rapid rise of parton distribution
functions at small x. Initial estimates suggest that this enhancement may well be
sufficient to make an analysis of Higgs′-strahlung at the Tevatron and the LHC of
further interest [28].
• Long-lived Higgs′, cosmic rays, and neutrino detectors. The longevity of h′ for mh′ <
mV can lead to a long decay distance. While such a light Higgs
′ will simply appear as
missing energy at colliders, it may well produce easily identifiable multi-lepton signals
in neutrino detectors such as super-K, IceCube, Antares, and possibly MiniBoone
for decay distances of a few hundred meters. For example, cosmic rays could induce
Higgs′-strahlung events in the upper atmosphere which, although suppressed by κ2, are
capable of producing two- or four-muon events from h′ decay inside IceCube, creating
an unmistakable signature. It is important to note that there is a well-defined window
for decays, as lifetimes longer than about 1 second will be ruled out by BBN bounds.
Thus the regime mh′ < mV , which could be particularly relevant for supersymmetric
extensions of U(1)S, may be most usefully probed using large-scale neutrino detectors
of various forms.
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• Supersymmetric extensions of U(1)S. A supersymmetric U(1)S sector may allow the
most natural explanation for the mV ≪ mZ hierarchy [29, 16]. This necessarily intro-
duces more Higgs′ bosons as well as extra Higgsino′ and gaugino′ states. The detailed
phenomenology is then quite complex, e.g. production of extra heavy Higgs′ states may
lead to more complex multi-lepton final states, while the new gaugino-Higgsino sector
opens the possibility for less visible Higgs′ decays. We will note here only the generic
point that kinetic mixing in the form
∫
d2θWSWY , which as noted in [16] leads to a
generic form of SUSY mediation, will also imply via the associated D-terms an intrinsic
quartic coupling between the SM Higgs and Higgs′ sectors. Although suppressed by κ,
this will likely imply non-negligible constraints from flavor physics [3].
• Resonant s-channel production of V . Finally, we remark that although the main em-
phasis of this work was on the possibility of a U(1)S search at e
+e− machines of medium
energy, the higher end of the kinematic range that we consider – mV ∼ few GeV and
large values of κ ∼ 10−2 – corresponds to resonances as broad as a few keV, and
therefore allows for a search using a high-energy resolution scan of the relevant energy
domain [9].
4.2. Concluding remarks
The high level of attention focussed recently on secluded U(1)S scenarios has been driven
primarily by their interesting phenomenology in the context of dark matter [3, 4, 5, 29],
but such models are well-motivated in their own right: kinetic mixing via the vector portal
[1] provides one of the few renormalizable probes of a hidden sector. As we have shown,
B-factories allow for a decisive test for the presence of a GeV-scale secluded U(1)S, probing
kinetic mixing with the photon down to the level of O(10−3). In this way B-factories can,
within existing data sets, significantly improve upon other precision QED and flavor physics
tests of such models. The striking signature of multi-lepton events provides additional mo-
tivation for the BaBar and BELLE collaborations to perform dedicated analyses.
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